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ABSTRACT

Group Il introns are mobile genetic elements that self-splice from pre-mRNA transcripts. Some fragmented group Il introns
found in chloroplastic and mitochondrial genomes are able to assemble and splice in trans. The LI.LtrB group Il intron from the
Gram-positive bacterium Lactococcus lactis was shown to splice in trans when fragmented at various locations throughout its
structure. Here we used LI.LtrB to assess the contribution of base-pairing interactions between intron fragments during trans-
splicing in vivo. By comparing closely located fragmentation sites, we show that LI.LtrB trans-splices more efficiently when
base-pairing interactions can occur between the two intron fragments. Disruptions and stepwise restorations of specific base-
pairing interactions between intron fragments resulted respectively in significant reductions and recoveries of the LI.LtrB trans-
splicing efficiency. Finally, although we confirm that LtrA is an important co-factor for trans-splicing, its overexpression cannot
compensate for the reduction in trans-splicing efficiency when the potential base-pairing interactions between intron fragments
are disrupted. These findings demonstrate the important contribution of base-pairing interactions for the assembly of group Il
intron fragments during trans-splicing and rationalizes why such interactions were evolutionarily conserved in natural trans-
splicing group Il introns.
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INTRODUCTION group II introns (Fedorova and Zingler 2007; Pyle et al.
2007). While DII is a small structural domain, DIII functions
as a catalytic effector that stimulates splicing (Fedorova et al.
2003). Most group II introns harbor an open reading frame
(OREF) in the loop region of DIV that codes for an intron-
encoded protein (IEP). IEPs are multifunctional proteins
involved in both intron splicing and mobility (Saldanha
et al. 1993; Matsuura et al. 2001; Cui et al. 2004). DV is the
catalytic domain of group II introns, which positions the cat-
alytic nucleotides and two Mg" ™ ions at the center of the cat-
alytic core (Pyle 2002). Finally, DVI harbors the branch
point nucleotide positioned near the 3’ end of the intron
(Lambowitz and Zimmerly 2004, 2010). This highly con-
served bulged adenosine is also part of the catalytic center
since it initiates the splicing reaction.

Group II introns self-splice from pre-mRNA transcripts
by two consecutive trans-esterification reactions (Fig. 1B,
cis-splicing; Lambowitz and Zimmerly 2004). Following
transcription of the interrupted gene (step 1), the 2'-OH of
the bulged adenosine residue in DVI (circled A) initiates the
first nucleophilic attack at the exon 1-intron splice junction

Group II introns are retromobile elements found in bacteria,
bacterial-derived organelles, and archaea (Lambowitz and
Zimmerly 2004, 2010). These intervening sequences are RNA
enzymes that splice autocatalytically from pre-mRNA tran-
scripts. However, they require the assistance of maturases to
fold into their active three-dimensional structure in order to
splice in vivo. Despite sharing very little sequence similarity,
these large ribozymes fold into a highly conserved RNA
secondary structure that consists of six domains (DI to DVI)
radiating from a central wheel (e.g., Fig. 1A; Michel et al.
1989; Qin and Pyle 1998; Toor et al. 2001). Each domain
contains specific features that contribute to the folding of
the intron into its active tertiary conformation. DI, which is
the largest domain and the first to be transcribed, provides
the scaffold to dock the remaining intron domains. Accord-
ingly, DI takes part in many long-range tertiary interactions
with other domains and orchestrates the overall folding of

1 B . .

Corresponding author. . (step 2) which generates a 2’5" linkage. Then, the 3'-OH of
E-mail benoit.cousineau@mcgill.ca. he rel d f h d leonhili Kk
Article published online ahead of print. Article and publication date are the re e:ase exon 1 per o.rms. the §econ nucleophi 1c. attac

at http://www.rnajournal.org/cgi/doi/10.1261/rna.028886.111. at the intron—exon 2 splice junction (step 3), releasing the

2212 RNA (2011), 17:2212-2221. Published by Cold Spring Harbor Laboratory Press. Copyright © 2011 RNA Society.



Importance of base-pairing during trans-splicing

LL.LtrB LA
start codon
A‘A/\.
iy AN by v LtrA
5300 %SD"-AUUAF,}}A c
S5 7”(; DIVa DIkae\L@
A &
&)w @ paQy M\;me S7
- g I RS adon B
G LCCAT A t A
o g s2 4, 4 83
X o e’ 2390 . ..
s S1, 1= S6 cis-splicing trans-splicing
G-/ U—A’/
M UG —
I UA: = (7] (2] aom | ||
v v (7]
Q U
350 A'\\(* ‘L l‘k ] l 1 1, 1
Bl 1 S -t ] N PR
t .y S8 4007y Oy £ \ OP— -
Uk W5k, U M 59§ A
g o & GAGES Uy L‘ l l
Al ]S4 4 Cayane \W"\x QUGG AL 2 2
LGE’A{%( /\ J W I il\ﬁ\ A (\Z‘L -
ke SRRy Gug cacongadgger™ LV [E Q]
AAA(.AQ &G Gy q [ @““““’“’(‘d’(’ A“bU\A == Sea-
TL 50 ke ms1 | l l
e A Y 3 3
i |C
& \‘WMAWQ“Q N Q9 T2
L A 1Bs2 [[{ . EIE] _@. . I
’ C

FIGURE 1. LLLtrB secondary structure and splicing pathways. (A) LLLtrB secondary structure. The six domains of LLLtrB are indicated (I-VI)
and the detailed secondary structure of a portion of domain IV is also shown (top right). The ItrA start and stop codons are boxed and the Shine—
Dalgarno sequence (SD) is underlined. Exons 1 and 2 at both 5" and 3’ extremities of the intron are also boxed. Fragmentation sites are mapped
with black arrowheads (S1-S9). S4 was not used in this study. EBS1 and EBS2, exon-binding site 1 and 2; IBS1 and IBS2, intron-binding site 1 and
2; branch point, circled A. (B) Group II intron cis- and trans-splicing pathways. Following transcription of the interrupted gene (step 1), the 2'-
OH of the bulged adenosine present in domain VI (circled A) performs the initial nucleophilic attack at the exon l-intron splice junction
generating a 2'-5' linkage (step 2). Then, the 3'-OH of the released exon 1 performs the second nucleophilic attack at the intron—exon 2 splice
junction, releasing the intron lariat and ligating the flanking exons (step 3). Fragmented group II introns can also splice in trans using the same
pathway (steps 1-3). Because trans-splicing occurs between two independent RNA transcripts, the intron is released as a Y-branched molecule
instead of a lariat. Group II intron, black line; exon 1 and 2, E1 and E2; branch point, circled A.

intron lariat and ligating the flanking exons (Lehmann and
Schmidt 2003). The intron-free mature mRNA can then be
translated and the encoded protein synthesized.

Some group II introns fragmented in two or three pieces
have been found in chloroplasts of algae as well as in
chloroplasts and mitochondria of higher plants (Glanz and
Kuck 2009; and references within). These fragmented introns
splice in trans using the same pathway as cis-splicing introns
(Fig. 1B, trans-splicing). Following transcription of the sepa-
rate gene pieces (step 1), the intron fragments presumably
assemble and fold into the active tertiary structure allowing
the two trans-esterification reactions to occur (steps 2 and 3).
Because trans-splicing takes place between two RNA tran-
scripts, the intron is released as a Y-branched molecule instead
of a lariat.

The LLLtrB group II intron from the Gram-positive
bacterium Lactococcus lactis is 2.5 kb in length and encodes
for LtrA, a 599-amino acid multifunctional protein with
reverse transcriptase, maturase, DNA binding, and endonu-
clease activities (Mills et al. 1996; Lambowitz and Zimmerly
2004, 2010). LtrA is a very important splicing co-factor
for both the cis- (Mills et al. 1996; Ichiyanagi et al. 2002;
Belhocine et al. 2007) and trans-splicing (Belhocine et al.
2007, 2008) of LL.LtrB in L. lactis. It was shown to bind the
LLLtrB intron RNA at a high affinity-binding site located in
DIVa (Wank et al. 1999; Singh et al. 2002) and to multiple
secondary sites located in DI, DII, and DVI (Singh et al.

2002; Dai et al. 2008); overall LtrA binds with a 2:1 stoichi-
ometry, suggesting that it may function as a dimer (Saldanha
et al. 1999; Rambo and Doudna 2004). LLLtrB interrupts
the ItrB gene, which codes for a relaxase enzyme in three L.
lactis conjugative elements: the pRS01 and pAH90 plasmids
and an integrative and conjugative element called the sex
factor (SF) (Mills et al. 1996). The LtrB relaxase is a single-
strand endonuclease that nicks the origin of transfer of
conjugative elements and initiates their transfer between
L. lactis strains. Because this enzyme is essential for the
initiation of conjugative transfer, splicing of LLLtrB is
absolutely required for the intercellular transfer of its host
elements (Shearman et al. 1996; Klein et al. 2004). Taking
advantage of the relationship between the conjugative
transfer of the SF and splicing of LL.LtrB from the relaxase
transcript, we developed a highly sensitive trans-splicing/
conjugation assay in L. lactis. Using this assay we demon-
strated that LLLtrB is able to splice in trans when
fragmented at natural group II intron fragmentation sites
(Belhocine et al. 2007). We also showed that LLLtrB trans-
splices efficiently when fragmented at various other loca-
tions throughout its structure, therefore demonstrating the
versatility of LLLtrB compared to trans-splicing group II
introns found in nature (Belhocine et al. 2008).

In this study we use the LLLtrB group II intron as a
model system to assess the contribution of base-pairing
interactions between intron fragments during trans-splicing
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in vivo. Using the frans-splicing/conjugation assay that we
developed, we observe that LL.LtrB variants with potential
base-pairing interactions between the two intron fragments
trans-splice more efficiently than variants that are frag-
mented at close proximity but do not have any potential
interactions between the two intron fragments. We also
show that abolishing specific base-pairing interactions
between intron fragments of LLLtrB variants fragmented
in DI, DIII, DIVa, or DIVb resulted in important reductions
in trans-splicing efficiency. Moreover, we demonstrate that
stepwise restorations of base-pairing interactions between
intron fragments by either the re-establishment of the wild-
type sequence or sequence complementarity resulted in
significant recovery of the trans-splicing efficiency. Finally,
although we confirm that LtrA is an important LL.LtrB trans-
splicing co-factor, overexpression of LtrA cannot compen-
sate for the reduction in LLLtrB trans-splicing efficiency
when the potential base-pairing interactions between intron
fragments are disrupted. Altogether these findings demon-
strate the important contribution of base-pairing for the
assembly of intron fragments during trans-splicing and
rationalize why such interactions were evolutionarily con-
served between nucleotides located on either side of frag-
mentation sites in natural trans-splicing group II introns.

MATERIALS AND METHODS

Strains and plasmids

The L. lactis strains NZ9800AltrB::tet (Klein et al. 2004) and
LMO0231 (Shearman et al. 1996) were grown at 30°C without
shaking in M17 media (Oxoid) supplemented with 0.5% glucose
(GM17). The Escherichia coli DH10B strain was used for cloning
and was grown at 37°C in LB broth (Wisent) with shaking. When
necessary, antibiotics were added at the following concentrations: 3
pg/mL for tetracycline (Tet), 300 pg/mL for spectinomycin (Spc),
25 pg/mL for fusidic acid (Fus), and 10 pg/mL for chloramphen-
icol (Cam).

Plasmids pDL-P,5%, pDL-P,3>-1trB, pDL-P,5>-S1-WT, pDL-P,3*-
S2-WT, pDL-P,;>-S3-WT, and pDL-P,5>-S5-WT were previously
engineered (Belhocine et al. 2007). The other fragmented variants
of LLLtrB (pDL-P232-86-WT to pDL-P232-S9-WT) were generated
by PCR amplification using the interrupted ItrB gene as the
template. Each construct was created using two pairs of primers
(Supplemental Table S1). The first primer pairs (NotI) were used
to amplify the 5" end of the ltrB gene, from the beginning of the
5" exon up to the respective fragmentation points within the
intron. The second primer pairs (BssHII) were used to amplify the
region from the fragmentation sites within the intron up to the
end of the 3’ exon (Belhocine et al. 2007). Plasmids pDL-P,5-S1-
AOREF to pDL-P,;>-89-AORF were similarly created but using as
the PCR template the ltrB gene interrupted by the AORF version
of LLLtrB (Supplemental Table S1).

Plasmids containing different intron variants with disruptions
and restorations of base-pairing interactions in DI, DIII, DIVa,
and DIVb were engineered either by site-directed mutagenesis or
by PCR using the LLLtrB AORF intron as the template (Supple-
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mental Table S1). Disruptions of the base-pairing interactions
were done by replacing G«<>C and T <> A. The unpaired nucleo-
tides located between stems were not modified.

The pLE-P,;s-ltrA plasmid was constructed by first cloning the
nisin-inducible promoter (P,;) into the unique BamHI site of the
Gram-positive/Gram-negative shuttle plasmid pLEl. The PCR-
amplified ItrA gene (Notl) was then introduced at the engineered
Notl site directly downstream from P,;; (Supplemental Table S1).
Integrity of all plasmids was confirmed by sequencing (Génome
Québec).

Conjugation assay

Mating was done on 5% non-fat dried milk plates (Carnation milk)
containing 1% glucose and 1.5% agar. L. lactis NZ9800AltrB: : tet
(Tet®) was used as the donor strain while L. lactis LM0231 (Fus®)
was used as the recipient strain. Both strains were diluted from
saturated overnight cultures (0.4 mL into 10 mL) and grown for
7 h at 30°C. Cells were collected by centrifugation, mixed, spread
on milk plates, incubated at 30°C for 16 h, and recovered with
PBS 1X. Serial dilutions were plated on GM17 plates containing
the specific antibiotic to select for donor, recipient or trans-
conjugant cells. Conjugation efficiency of the chromosomal SF
was assessed with two different assays (Fig. 2A). The first assay
measured the SF conjugation efficiency when LtrA is encoded
within the LLLtrB intron (pDL-P,3*-Sx-WT series). The second
assay determined the SF transfer efficiency when LtrA is provided
in trans from pLE-P,3*-ltrA (pDL-P,3>-Sx-AORF series). The
conjugation efficiencies were calculated as the ratio of trans-
conjugant (Fus®/Tet") to donor cells (Spc for LtrA provided in cis,
Spc/Cam for LtrA provided in trans) for three independent assays.

RNA isolation and qRT-PCR

L. lactis strains containing pLE-P,,;;-ltrA and one of the pDL-P,5*-
Sx-AOREF variant were grown to logarithmic phase (ODggo = 0.5),
aliquoted, and induced for 3 h with serial dilutions of nisin
(Sigma) (0 ng/mL, 0.14 ng/mL, 0.28 ng/mL, 0.42 ng/mL, 0.56 ng/
mL, 0.70 ng/mL, 0.84 ng/mL, 0.98 ng/mL). Cell pellets were mixed
with 500 mL of TRIzol (Invitrogen life technologies) and 250 mg
of acid-washed glass beads (Sigma). The mixture was vortexed for
3 min and incubated at 55°C for 5 min; this treatment was repeated
a total of three times. The remainder of the RNA extraction was
performed according to the manufacturer’s protocol. Total RNA
concentration and quality was determined using a NanoDrop 1000
instrument (Thermo Scientific). Total RNA (10 pg) was treated
with 2 U of DNAsel (New England Biolabs) for 30 min at 37°C in
a final volume of 50 L and heat-inactivated for 15 min at 75°C in
the presence of 5 mM EDTA. Quantitative RT-PCR was performed
with ~0.5 pg of treated total RNA using the EXPRESS One-Step
SYBR GreenER kit (Invitrogen) and the Rotor Gene RG-3000
software from the Thermo LightCycler instrument (Corbetz Re-
search) (Supplemental Table S1). Amplification conditions were:
(95°C, 20 sec; 60°C, 1 min) X 45. Slope noise correction and
dynamic tube normalization was applied to the raw fluorescence
data prior to analysis. The Ct values recorded during amplification,
which correspond to the point at which the level of fluorescence rises
significantly above the background, were analyzed. In order to obtain
the ACt of each sample, we subtracted the level of fluorescence
recorded in our negative control to the fluorescence detected for
each sample. Inter-run variations were adjusted using as a calibrator
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FIGURE 2. LLLtrB trans-splicing/conjugation assay and SF conjugation rates. (A) The trans-splicing efficiency of LLLtrB is monitored by the
conjugation rate of the SF between two L. lactis strains. The donor cell harbors the chromosomal SF with a defective relaxase gene
(NZ9800AltrB::tet) while the recipient cell lacks the SF (LM0231). The LLLtrB intron, along with portions of its exons, was replaced in the
chromosome of NZ9800 by a tetracycline resistance marker (tet), which prevents expression of the relaxase (LtrB). The LtrB deficient strain is
complemented by providing the interrupted /trB gene from a plasmid. Following transcription of the gene pieces (step 1), intron fragments
assemble, LLLtrB trans-splices, and the flanking exons are ligated (step 2). Mature mRNA is translated and leads to expression of the relaxase
enzyme (LtrB) (step 3), which recognizes the SF origin of transfer (oriT) (step 4) and initiates its transfer from a donor to a recipient cell by
conjugation (step 5). Transfer efficiency of conjugative elements between L. lactis strains was previously shown to be directly proportional to
LLLtrB splicing from the relaxase transcript (Klein et al. 2004; Belhocine et al. 2007). In a second version of the assay, the pLE-LtrA plasmid was
introduced in various L. lactis strains (NZ9800AltrBZZtet/pDL-P232-SX-AORF) to provide LtrA in trans (between brackets). LLLtrB group II
intron, black line; exon 1 and 2, E1 and E2; P,3 promoter, bent arrows; SF, gray; intron RNA fragments, black wavy lines; RNA exons, white wavy
lines; LtrB, black oval; spectinomycin resistance marker, Spc; chloramphenicol resistance marker, Cm; L. lactis chromosome, scribble. (B,C) SF
conjugation efficiency in the presence of the ltrB gene interrupted by various LLLtrB fragmented introns (S1-S9 WT and AORF). Gray bars,
bipartite introns with no potential base-pairing interactions; black bars, bipartite introns with potential base-pairing interactions; white bars,
negative ([—], pDL—P232, empty vector) and positive ([+], pDL—P232—ltrB, full length LL.LtrB) controls.

the pDL-P,3%-S1 variant grown in the absence of nisin. The final
fold differences were obtained with the comparative quantifica-
tion algorithm: 278ACt Where AACt = (Clyyp — Ctians)sample —
(Ctyrs — Ctignp) calibrator- The values were normalized using the IdhB
housekeeping gene as a reference (Supplemental Table S1). All
assays were performed in triplicate to confirm reproducibility and
data presented are the average and standard errors. Specificity of
the PCR reaction was analyzed on 2% agarose gel and the PCR
product was confirmed by DNA sequencing (Genome Québec).

RESULTS

LLLtrB trans-splicing efficiency is significantly
different between introns fragmented in close
proximity in DI, DIII, DIVa, or DIVb

In order to assess the contribution of base-pairing interactions
during trans-splicing, LLLtrB was split in two fragments (Fig.

1A, S1 to S9). Then, trans-splicing efficiency was compared
between bipartite introns with close fragmentation sites
that allowed for or lacked potential base-pairing interac-
tions between the two fragments. LLLtrB trans-splicing was
monitored by measuring the conjugation efficiency of the
chromosomal SF between L. lactis strains (Fig. 2A; Belhocine
et al. 2007). Following transcription of the two gene pieces
(step 1), LLLtrB trans-splices and ligates its flanking exons
(step 2). This leads to expression of the relaxase enzyme
(LtrB) (step 3), which recognizes the origin of transfer of
the SF (step 4) and initiates SF transfer from a donor to a
recipient cell by conjugation (step 5). Transfer efficiency of
the SF between L. lactis strains is directly proportional to
LLLtrB splicing from the relaxase transcript (Klein et al.
2004; Belhocine et al. 2007).

Fragmentation of LL.LtrB at position S8 in DI provides a
potential interaction of 16 bp between the two intron RNA
fragments while fragmentation at position S9, only 18 nt
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downstream, does not. LLLtrB fragmented at S8 supports
conjugative transfer of the SF more efficiently than S9
(Fig. 2B). This is similar to what was previously observed
when comparing the trans-splicing efficiency of LLLtrB
fragmented at positions S1 and S2 in DIVa, which are only
19 nt apart. LLLtrB fragmented at S2, which allows for a
potential interaction of 16 bp between the two intron
fragments, trans-splices more efficiently than S1, which
in contrast does not allow for any potential base-pairing
(Fig. 2B; Belhocine et al. 2007). Next, we compared close
fragmentation sites in other domains of LLLtrB. In accor-
dance with our previous observations in DI and DIVa,
LLLtrB fragmented at the tip of DIII at position S5 trans-
splices more efficiently than if the fragmentation site is
located 26 nt downstream at position S1 (Fig. 2B). This
suggests that the potential interaction of 17 bp between the
two RNA fragments contributes to intron assembly during
trans-splicing in L. lactis. Next, we compared the trans-
splicing efficiency of LLLtrB fragmented at position S6,
located at the bottom of the stem in DIV, with two intron
variants fragmented in DIVb at positions S3 and S7 allowing
for potential interactions of 15 and 22 bp, respectively,
between the two intron fragments. The LLLtrB variants
fragmented at positions S3 and S7 were significantly more
efficient than S6 (Fig. 2B).

Fragmentation sites located in both DIVa (S1, S2) and
DIVb (83, S6, S7) are adjacent to the extremities of the ltrA
gene and may affect LtrA expression levels (Fig. 1A). Since
LtrA was shown to be a very important splicing co-factor
(Mills et al. 1996; Ichiyanagi et al. 2002; Belhocine et al.

2007, 2008), it is crucial to keep its expression level constant
while assessing the contribution of base-pairing interactions
during trans-splicing. In order to ensure comparable levels
of LtrA expression for all fragmented intron variants, we
modified our trans-splicing/conjugation assay by removing
most of the LtrA coding region (AORF) from the fragmented
introns and providing LtrA in frans from a second plasmid
(pLE-P,5>-1trA) (Fig. 2A, AORF; Belhocine et al. 2007). The
trans-splicing efficiencies observed for the AORF fragmented
introns show the same trend as their wild-type counterparts;
that is, the bipartite introns allowing for potential base-
pairing interactions between the intron fragments trans-
splice more efficiently than the variants that do not allow for
any interactions (Fig. 2B,C, c¢f. WT and AOREF).

Base-pairing interactions between intron fragments
contribute to LL.LtrB trans-splicing in L. lactis

To further investigate the contribution of base-pairing in-
teractions between intron fragments during trans-splicing,
we disrupted potential interactions near various engineered
fragmentation sites in different domains of LL.LtrB AOREF,
as well as in the non-fragmented AORF cis-splicing intron.
Next, we performed stepwise restoration of base-pairing in-
teractions by either wild-type sequence restoration or se-
quence complementarity.

The first fragmentation site investigated was S8 in DI.
Site-directed mutagenesis was used to replace the 16 pairing
nucleotides at the 5" end of the second intron fragment with
the complementary sequence, abolishing base-pairing inter-

\ 16 bp ( \4 16 bp 6 bp == mm 5bp
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FIGURE 3. Sex factor conjugation efficiency of the LLLtrB SSAOREF variants. Nucleotides modified to abolish base-pairing interactions in S8 and
in the cis-splicing intron are shown on the left (gray box). Schematics of the different cis- and trans-splicing intron variants are illustrated at the
top showing the modified RNA strand (gray line). The sequential base pair restorations toward the central wheel (tcw) or from the central wheel
(fcw) are identified as gray and black lines while dotted lines depict unpaired residues. The S8 fragmentation site is represented by an arrowhead.
Conjugation efficiencies are from three independent assays (Supplemental Table S2).
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actions between the two fragments (Fig. 3, $8.0). As a result,
trans-splicing efficiency dropped by ~19,000-fold. Then, we
used two different approaches to sequentially restore the wild-
type base-pairing interactions. Stepwise restorations of 6, 11,
or 13 bp, directed toward the central wheel (tcw), did not
lead to recovery of trans-splicing efficiency (Fig. 3, S8.1 to
§8.3). In contrast, stepwise restorations starting from the
central wheel (fcw) led to partial but significant recovery of
the LLLtrB trans-splicing activity (Fig. 3, S8.4 to 58.6). While
a 5-bp restoration was not sufficient to increase trans-splicing
efficiency, 10- and 13-bp restorations stimulated LLLtrB trans-
splicing by ~300-fold. However, partial restoration of the
same stem (fcw) in the cis-splicing intron led to complete
splicing recovery, indicating that a 13-bp restoration is suf-
ficient to support wild-type splicing efficiency (Fig. 3, cis
13 bp). The decreased rescue of splicing in the fragmented
intron indicates that even if base-pairing at S8 significantly
contributes to LLLtrB assembly and trans-splicing, frag-
mentation of the intron at this position also considerably
affects the tertiary structure of the ribozyme.

Next, we assessed the contribution of base-pairing in-
teractions during trans-splicing of LLLtrB fragmented in
DIII at position S5. We abolished the 17-bp interaction
between the two intron fragments by substituting the
pairing residues at the beginning of the second intron
fragment for their complementary nucleotides (Fig. 4,
S5.0); this led to ~28,000-fold reduction in trans-splicing
efficiency. We approached restoration of base-pairing in
two ways. First, we introduced sequence complementarity
at the 3’ end of the first intron fragment, resulting in an

17 bp 0bp

6 bp
14 bp

inverted stem. Base-pairing interactions were recovered in
three consecutive steps moving toward the central wheel
(tcw). The LLLtrB variant allowing for a 6-bp interaction
between fragments did not show any recovery in trans-
splicing activity (Fig. 4, S5.1), while variants with 11- and
17-bp interactions showed a slight increase in trans-splicing
efficiency (Fig. 4, S5.2 and S5.3). We also restored the wild-
type base pair in three steps from the central wheel (fcw).
These variants, allowing for 6-, 11-, and 14-bp interactions,
showed a slight increase in trans-splicing activity similar to
S5.2 and S5.3 (Fig. 4, S5.4 to S5.6). On the other hand,
partial restoration of the base-pairing interactions in the cis
intron led to complete splicing recovery (Fig. 4, cis 14 bp).
This indicates that base-pairing at S5 significantly contributes
to LLLtrB assembly during trans-splicing. However, similar
to what was observed in DI, fragmentation of LLLtrB at the
tip of DIII may affect the tertiary structure of the ribozyme.

The contribution of base-pairing between intron frag-
ments during LLLtrB trans-splicing was also analyzed in
DIV. We first abolished the potential interactions of 15 bp
in DIVD at position S3 by replacing the pairing residues at
the beginning of the second intron fragment with their
complementary nucleotides (Fig. 5, $3.0). Removing base-
pairing between the two intron RNA fragments reduced the
trans-splicing efficiency of LLLtrB by ~2,300-fold. Sub-
sequent stepwise restoration of base-pairing interactions
from the central wheel (fcw) was done in four consecutive
steps, by sequence complementation of residues within the
first intron fragment (Fig. 5, S3.1 to S3.4); this resulted in an
inverted stem. While a 4-bp interaction between the two
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FIGURE 4. Sex factor conjugation efficiency of the LLLtrB SSAORF variants. Nucleotides modified to abolish base-pairing interactions in S5 and
in the cis-splicing intron are shown on the left (gray box). Schematics of the different cis- and trans-splicing intron variants are illustrated at the
top showing the modified RNA strand (gray line). The sequential base pair restorations toward the central wheel (tcw) or from the central wheel
(fcw) are identified as gray and black lines while dotted lines depict unpaired residues. The S5 fragmentation site is represented by an arrowhead.
Conjugation efficiencies are from three independent assays (Supplemental Table S2).
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Table S2).

intron fragments was not sufficient to recover trans-splicing
activity, the restoration of 8-, 12-, and 15-bp interactions
gradually increased LL.LtrB trans-splicing efficiency by ~3.6-
fold, ~63-fold, and ~456-fold, respectively. As observed in
DI and DIII, cis-splicing is completely recovered when the
stem is partially restored by complementation (Fig. 5, cis 8
and 12 bp), indicating that even if base-pairing significantly
contributes to LLLtrB assembly and trans-splicing, fragmen-
tation of the intron at S3 seems to also affect the tertiary
structure of the ribozyme.

In order to disrupt the base-pairing interaction between
the two intron RNAs of LLLtrB fragmented at position S2
in DIVa, we replaced the pairing residues at the end of the
first intron fragment with their complementary nucleotides
(Fig. 6, S2.0). Abolishment of the potential base-pairing in-
teraction between intron fragments again resulted in a sig-
nificant drop in trans-splicing efficiency of ~2,700-fold. This
potential interaction between the two intron fragments was
then restored by stepwise complementation going toward the
central wheel (tcw), resulting in an inverted stem. Residues
from the second intron fragment were modified 4 nt at
a time (Fig. 6, S2.1 to S2.4). Restoration of 4 bp did not
improve LLLtrB trans-splicing efficiency (Fig. 6, S2.1). How-
ever, restoration of 8-, 12-, and 16-bp interactions between
the two intron fragments led to a gradual recovery of the
LLLtrB trans-splicing activity of ~8.5-fold, ~340-fold, and
~2050-fold, respectively (Fig. 6, S2.2 to S2.4). Strikingly,
restoration of the 16-bp interactions by complementation
resulted in complete recovery of the trans-splicing activity
(Fig. 6, cf. S2 and S2.4) while 12 bp were not sufficient to
completely restore the cis-splicing activity (Fig. 6, cis 12 bp).
This indicates that base-pairing at S2 contributes signifi-
cantly to LLLtrB assembly and trans-splicing, and that unlike
what was observed at S3, S5, and S8, fragmentation of the
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intron at this position does not strongly affect the tertiary
structure of the intron.

Influence of the LtrA protein during LI.LtrB
trans-splicing

LtrA is an important splicing co-factor (Mills et al. 1996;
Ichiyanagi et al. 2002; Belhocine et al. 2007) that binds to
LLLtrB at a high affinity-binding site in DIVa (Wank et al.
1999; Singh et al. 2002) and to multiple secondary sites
located in DI, DII, and DVI (Singh et al. 2002; Dai et al.
2008). We thus wanted to address the role of this protein in
the assembly and folding of LLLtrB intron fragments in
vivo and its relative importance compared to base-pairing
interactions during trans-splicing.

In the trans-splicing/conjugation assay used above (Fig. 2A,
AOREF), LtrA was expressed at a constant level from the Py;
constitutive promoter (pLE-P,5>-ItrA), independently from
the two intron fragments. In order to control the expression
level of LtrA, the ItrA gene was cloned in pLE downstream
from the nisin inducible promoter (pLE-P,;-ltrA). Western
blots were used to identify the nisin concentration at which
LtrA expression levels plateaued in L. lactis. The levels of LtrA
linearly increased between 0 and 1 ng/mL of nisin and stayed
constant at higher nisin concentrations (Supplemental Fig. S1).

To evaluate the importance of LtrA during LL.LtrB trans-
splicing, we co-transformed the pLE-P-ltrA plasmid in
L. lactis with plasmids containing various bipartite introns
fragmented at position S2 and harboring different potential
base-pairing interactions between the two intron fragments
(Fig. 7, S2.0 to S2.4 and S2). LLLtrB trans-splicing efficiency
was evaluated by monitoring the presence of ligated exons
by qRT-PCR at 10 different nisin concentrations ranging
from 0 to 0.98 ng/mL (Fig. 7B).
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Despite the gradual increase in LtrA levels, no significant
differences in trans-splicing efficiency is observed above
0.14 ng/mL of nisin, regardless of the number of base pairs
between the two intron fragments (Fig. 7B). Further, the
maximum level of trans-splicing obtained for each variant
was proportional to the number of base pairs between the
two intron fragments. All constructs showed a residual trans-

structure: DI (S8 vs. S9), DIII (S5 vs. S1), DIVa (S2 vs. S1),
and DIVD (S3 vs. S6 and S3 vs. S7) (Fig. 2, WT and AORF).
This suggests that base-pairing interactions between intron
fragments are involved during intron assembly and trans-
splicing in vivo. However, the trans-splicing introns lacking
base-pairing interactions are fragmented in the central
wheel (Fig. 1A, S1, S6, and S9). Since the positions of

splicing activity in the absence of nisin,
suggesting that the nisin promoter is
leaky and that small amounts of LtrA
are produced under non-induced con-
ditions (Fig. 7, black bars). Residual
trans-splicing activity under non-induced
conditions also increased proportionally
with the number of base pairs between
the two intron fragments.

DISCUSSION

In this study, we used the LLLtrB group
IT intron as a model to assess the con-
tribution of base-pairing interactions
between intron fragments during trans-
splicing in vivo. Using a trans-splicing/
conjugation assay that provides LtrA
either in cis (WT) or in trans (AORF),
we found that bipartite LL.LtrB variants
with the potential for base-pairing be-
tween the two intron fragments trans-
splice more efficiently than variants
fragmented at close proximity, but lack
the potential to base-pair. Interestingly,
we observed this trend across four dif-
ferent locations throughout the intron
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FIGURE 7. Influence of LtrA levels on LLLtrB trans-splicing in L. lactis. (A) LLLtrB trans-
splicing efficiency was assessed in the presence of various levels of LtrA by monitoring the level
of ligated exons by quantitative RT-PCR. LtrA expression was under the control of the P
promoter (pLE-P;-ltrA). (B) Levels of ligated exon were compared amongst introns having
different number of base pairs between the two intron fragments (S2.0AORF to S2.4AOREF,
S2AORF, SIAORF). LLLtrB trans-splicing efficiency was assessed in the presence of different
levels of LtrA expressed from the nisin inducible promoter: black, 0 ng/mL nisin; white, 0.14
ng/mL; dotted, 0.28 ng/mL; upward diagonals, 0.42 ng/mL; vertical lines, 0.56 ng/mL;
horizontal lines, 0.70 ng/mL; downward diagonals, 0.84 ng/mL; gray, 0.98 ng/mL. Exon 1
and exon 2, E1 and E2; LLLtrB variants, black lines; /trA gene, gray box; P,3 and P,;; promoters,
bent arrows; LLLtrB RNA intron fragments, black wavy lines; RNA exons, white wavy lines;
LtrA, gray circles; primers used for the QRT-PCR, horizontal arrows.
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these fragmentation sites are between residues that lie close
to the catalytic center and that are most likely involved in
multiple tertiary interactions (Dai et al. 2008; Toor et al.
2010), structural defects probably also contributed to the
observed decrease in trans-splicing efficiency.

To further investigate the potential contribution and
importance of base-pairing interactions between intron
RNA fragments during trans-splicing, we introduced muta-
tions to disrupt base-pairing interactions at various frag-
mentation sites in different domains of LLLtrB. The abol-
ishment of specific base-pairing interactions between intron
fragments of LL.LtrB variants fragmented in DI (Fig. 3, S8),
DIII (Fig. 4, $5), DIVb (Fig. 5, $3), or DIVa (Fig. 6, 52) led
to significant reductions in trans-splicing efficiency. In all
tested domains, disruption of base-pairing was more
deleterious than intron fragmentation at positions nearby
within the central wheel that do not allow for base-pairing
interactions. This further suggests a significant contribu-
tion of base-pairing interactions between intron fragments
during trans-splicing.

Next, we demonstrated that stepwise restorations of base-
pairing interactions between intron fragments by either wild-
type sequence re-establishment at DI and DIII or sequence
complementarity at DIII, DIVa, and DIVb led to significant
trans-splicing recovery. Complementation in DIVa and DIVb
led to complete or nearly complete recovery of trans-splicing
efficiencies, while base pair restoration in DI and DIII led
to partial but significant trans-splicing recovery. This sug-
gests that base-pairing interactions are contributing to intron
assembly but that other factors have been affected by the
engineered fragmentations and nucleotide substitutions.
Indeed, some of the nucleotides substituted in DI and DIII
are known to be involved in long-range tertiary interactions
(Singh et al. 2002; Dai et al. 2008). In vitro studies suggest
that G374 interacts with G37, helping the intron to fold
into its native structure by positioning DIcl and DIa along
a helical turn of DI(ii) (Dai et al. 2008). Similarly in DIII,
long-range interactions involving residues G494, C500,
G501, and A523 were also shown to be involved in the
three-dimensional folding of the intron (Dai et al. 2008).
Disruption of these tertiary interactions most likely affected
the final ribozyme structure and may explain why trans-
splicing was only partially recovered in DI and DIII. In
contrast, trans-splicing gradually increased as base-pairing
interactions were progressively restored by complementa-
tion in both DIVa and DIVb. While base pair restorations
by complementation in DIVb led to high trans-splicing
efficiency, base pair restoration by complementation in DIVa
resulted in complete trans-splicing recovery. The important
recovery of LLLtrB trans-splicing activity by sequence com-
plementarity in DIVa toward the central wheel and DIVb
from the central wheel indicates that base-pairing interac-
tions are contributing significantly, in a sequence indepen-
dent manner, to intron fragment assembly. Accordingly, the
modified residues in DIVa and DIVb do not appear to be
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involved in any long-range tertiary interactions (Singh et al.
2002; Dai et al. 2008).

The IEP LtrA is a very important LLLtrB splicing co-
factor that binds to multiple sites located throughout the
intron (Mills et al. 1996; Ichiyanagi et al. 2002; Belhocine
et al. 2007, 2008). We thus wanted to address the role of
LtrA in the assembly of LLLtrB intron fragments and its
relative importance compared to base-pairing interactions
during trans-splicing. The trans-splicing efficiency of LL.LtrB
variants fragmented at position S2 was assessed by qRT-PCR
in the presence of increasing amounts of LtrA (Fig. 7). The
trans-splicing efficiency of LLLtrB plateaued rapidly at low
concentrations of LtrA regardless of the number of base pairs
between the two intron fragments. Interestingly, the results
obtained by qRT-PCR are consistent with our conjugation
data. First, abolishment of the potential base-pairing in-
teractions between the two intron fragments significantly
decreased trans-splicing efficiency (Figs. 6, 7, cf. S2 and S2.0).
Second, trans-splicing efficiency of the LLLtrB variant
fragmented at position S1 (0 bp) is intermediate between
S2 (16 bp) and S2.0 (0 bp) (Figs. 7, 2, cf. S1 and S2 and S2.0).
Finally, stepwise restoration of the potential base-pairing
interactions resulted in a gradual increase of the LLLtrB
trans-splicing efficiency, ultimately reaching complete recov-
ery (Figs. 6, 7, cf. S2 and S2.0 to S2.4). We thus confirmed
that LtrA is an important LLLtrB trans-splicing co-factor in
vivo, which allows each L1.LtrB variant to reach its maximal
trans-splicing potential. However, we also showed that
overexpression of LtrA cannot compensate for the trans-
splicing deficiencies induced by altering the potential base-
pairing interactions between the two intron fragments.

In nature, some chloroplastic and mitochondrial genomes
harbor trans-splicing group II introns fragmented into two
or three pieces (Lambowitz and Zimmerly 2004; Glanz and
Kuck 2009). Regardless of the position of the fragmentation
site(s), these introns can still be folded into the conserved
secondary structure (e.g., Fig. 1A). Analysis of the secondary
structures of six chloroplastic (psaA-il, psaA-i2, petD-il,
psaC-il, rbcL-il, rbcL-i2) and six mitochondrial (nadl-il,
nad2-i2, nad5-i3, nadl-i4, nad3-il, nad3-i2) fragmented
group Il introns showed that even if the secondary structures
were not always perfectly conserved in the vicinity of the
fragmentation sites, these fragmented introns have a series of
five to 20 potential base-pairing interactions between nucle-
otides located on either side of the fragmentation sites
(Supplemental Table S3). The conservation of these poten-
tial base-pairing interactions between intron RNA fragments
suggests that they were maintained because they contribute
to intron fragment assembly during frans-splicing in vivo.

Taken together our data show the important contribu-
tion of base-pairing interactions for the assembly of intron
fragments during trans-splicing in vivo even though other
factors, such as long-range tertiary interactions, seem to
also play a significant role. Our work also rationalizes why
base-pairing interactions were evolutionarily conserved
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between nucleotides located on either side of fragmentation
sites in natural trans-splicing group II introns.
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